Whereas some older adults show significant cognitive deficits, others perform as well as young adults. We investigated the neural basis of these different aging patterns using positron emission tomography (PET). In PET and functional MRI (fMRI) studies, prefrontal cortex (PFC) activity tends to be less asymmetric in older than in younger adults (Hemispheric Asymmetry Reduction in Old Adults or HAROLD). This change may help counteract age-related neurocognitive decline (compensation hypothesis) or it may reflect an age-related difficulty in recruiting specialized neural mechanisms (dedifferentiation hypothesis). To compare these two hypotheses, we measured PFC activity in younger adults, low-performing older adults, and high-performing older adults during recall and source memory of recently studied words. Compared to recall, source memory was associated with right PFC activations in younger adults. Low-performing older adults recruited similar right PFC regions as young adults, but high-performing older adults engaged PFC regions bilaterally. Thus, consistent with the compensation hypothesis and inconsistent with the dedifferentiation hypothesis, a hemispheric asymmetry reduction was found in high-performing but not in low-performing older adults. The results suggest that low-performing older adults recruited a similar network as young adults but used it inefficiently, whereas high-performing older adults counteracted age-related neural decline through a plastic reorganization of neurocognitive networks. © 2002 Elsevier Science (USA)
INTRODUCTION
As we age, our brains undergo a series of deleterious changes, including gray and white matter atrophy, synaptic degeneration, blood flow reductions, and neurochemical alterations (Raz, 2000; Cabeza, 2001) . Given these changes, it is not surprising that older adults perform more poorly than young adults in a variety of cognitive tasks, including perception, attention, and memory tasks (Craik and Salthouse, 2000) . However, whereas some older adults show pronounced cognitive deficits, others perform as well or better than young adults (Christensen et al., 1999) . An intriguing possibility is that high-performing older adults counteract age-related neural decline by reorganizing brain functions.
In positron emission tomography (PET) and functional MRI (fMRI) studies, higher-order cognitive functions, such as episodic memory, have been associated with prominent activations in the prefrontal cortex (PFC, for reviews, see Cabeza and Nyberg, 2000; Fletcher and Henson, 2001 ). These prefrontal cortex activations are sometimes lateralized, possibly reflecting the nature of the processes and/or the stimuli involved (e.g., Nyberg et al., 1996; Smith and Jonides, 1997; Kelley et al., 1998; McDermott et al., 1999) . Recent evidence indicates that the lateralization of PFC activations tends to be reduced by aging, and this empirical regularity was conceptualized in terms of a model called Hemispheric Asymmetry Reduction in Old Adults, or HAROLD (Cabeza, 2002) . As listed in Table 1 , the HAROLD model is supported by functional neuroimaging evidence in a variety of cognitive domains, including episodic memory retrieval (Bä ckman et al., 1997; Cabeza et al., 1997; Madden et al., 1999; Grady et al., 2002) , episodic encoding/semantic retrieval (Logan et al., 2002; Morcom et al., 2002; Stebbins et al., 2002) , working memory (Dixit et al., 2000; Reuter-Lorenz et al., 2000) , perception (Grady et al., 1994 (Grady et al., , 2000 , and inhibitory control (Nielson et al., 2002) . Age-related asymmetry reductions have been also observed in electrophysiological (Bellis et al., 2000) and behavioral (Reuter-Lorenz et al., 1999) studies.
Although the evidence for age-related asymmetry reductions is strong, the function of these changes is still unclear. According to a compensation hypothesis (Cabeza et al., 1997; Cabeza, 2002) , increased bilaterality in old adults could help counteract age-related neurocognitive deficits. Consistent with this hypothesis, in the PET study by Reuter-Lorenz et al. (2000) , older adults who displayed a bilateral pattern of PFC activity were faster in a verbal working memory task than those who did not. The compensation hypothesis is also supported by evidence that hemispheric asymmetry reductions may facilitate recovery from brain damage. Numerous studies have demonstrated that recovery of motor and language functions after unilateral brain damage may involve the recruitment of the unaffected nondominant hemisphere. This finding has been observed with a variety of techniques, including electrophysiological measures (Honda et al., 1997; Thomas et al., 1997) ; transcranial magnetic stimulation (Cicinelli et al., 1997; Netz et al., 1997) , Doppler ultrasonography (Silvestrini et al., 1993; Silvestrini et al., 1998) , Xenon-133 imaging (Brion et al., 1989; Demeurisse and Capon, 1991) , PET (Di Piero et al., 1992; Engelien et al., 1995; Weiller et al., 1995; Buckner et al., 1996; Ohyama et al., 1996; Honda et al., 1997) , and functional MRI (Cao et al., 1999; Thulborn et al., 1999) . As a result of contralateral recruitment, cognitive functions that are strongly lateralized in the healthy brain may become more bilateral following brain damage, and several studies have directly linked successful recovery of function to bihemispheric involvement. For example, a longitudinal study using Doppler ultrasonography found that after a period of speech therapy, word fluency in a group of aphasic patients was associated with a bilateral increase in flow velocity (Silvestrini et al., 1993 ). An fMRI study found a similar result: several months after a left-hemisphere stroke, better language recovery was observed in aphasic patients who showed bilateral activations (Cao et al., 1999) . Because bihemispheric involvement can facilitate recovery from brain damage, it is reasonable to assume that it may also play a compensatory function in the aging brain.
However, there is an alternative account of age-related asymmetry reductions: according to a dedifferentiation hypothesis, reduced hemispheric asymmetry in old adults may reflect an age-related difficulty in recruiting specialized neural mechanisms (Li and Lindenberger, 1999) . The notion of age-related dedifferentiation is supported by evidence that correlations among different cognitive measures tend to increase with age (e.g., Mitrushina and Satz, 1991; Babcock et al., 1997; Baltes and Lindenberger, 1997) and by computer simulations linking age-related declines in catecholamine function to an increase in "neural noise" (Li and Lindenberger, 1999; Li et al., 2000) . According to the dedifferentiation hypothesis, age-related asymmetry reductions are just another example of the deleterious effects of aging on brain function.
The main goal of the present study was to contrast predictions of the compensation and dedifferentiation hypotheses. Before scanning, we tested 33 older adults (Madden et al., 1999) Ϫ ϩ ϩϩ ϩϩ PET: Face recognition (Grady et al., 2002) Ϫ ϩ ϩ ϩ ϩ Episodic encoding/semantic retrieval fMRI: Word-incidental (Stebbins et al., 2002 ) ϩϩ ϩ ϩ ϩ fMRI: Word-intentional (Logan et al., 2002) ϩϩ ϩ ϩ ϩ fMRI: Word-incidental (Logan et al., 2002) ϩϩ ϩ ϩϩ ϩϩ fMRI: Word-subsequent memory (Morcom et al., 2002) ϩϩ ϩ ϩϩ ϩϩ Working memory PET: Letter DR (Reuter-Lorenz et al., 2000) ϩ Ϫ ϩ ϩ PET: Location DR (Reuter-Lorenz et al., 2000) Ϫ ϩ ϩ ϩ PET: Number N-back: (Dixit et al., 2000) ϩ ϩϩϩ ϩϩ ϩϩ Perception PET: Face matching (Grady et al., 1994, Expt. 2) Ϫ ϩ ϩϩ ϩϩ PET: Face matching (Grady et al., 2000) ϩ ϩϩϩ ϩϩ ϩϩ Inhibitory control fMRI: No-go trails (Nielson et al., 2002 )
Note. Plus signs indicate significant activity in the left or right PFC, and minus signs indicate nonsignificant activity. The number of plusses is an approximate index of the relative amount of activity in left and right PFC in each study, and it cannot be compared across studies. DR, delayed response task. and 12 young adults (Young participants) on a battery of memory tests. As illustrated in Fig. 1 , we selected 8 older adults that performed as well young adults (OldHigh participants) and 8 older adults that performed significantly below than young adults (Old-Low participants). The three groups of participants were PET scanned while performing two memory tests, recall and source memory. These tests were selected because they yielded a clear dissociation in the lateralization of PFC activity in a previous PET study with young adults: whereas left PFC was more activated for recall than for source memory, right PFC showed the converse pattern . Given asymmetric PFC activity in young adults, the compensation hypothesis predicts that hemispheric asymmetry reductions in PFC activity should be greater in Old-High participants than in Old-Low participants. Moreover, the compensation hypothesis predicts that these hemispheric asymmetry reductions should occur in the most demanding of the two tasks, which in the present study was the source task. In contrast, the dedifferentiation hypothesis predicts that hemispheric asymmetry should occur in the group of older adults showing more pronounced age-related cognitive decline, that is, the Old-Low participants. In summary, finding the HA-ROLD pattern during source memory in Old-High participants would support the compensation hypothesis, whereas finding the HAROLD pattern in Old-Low participants would support the dedifferentiation hypothesis. If the HAROLD pattern is not found in either group, the validity of the HAROLD model could be questioned.
METHODS

Participants
The participants of the PET study were 12 Young participants (5 female, 7 male; age range: 20 -35), 8 Old-High participants (4 female, 4 male; age range: 64 -78), and 8 Old-Low participants (4 female, 4 male; age range: 63-74). The age of the two old groups (see Table 2 ) was similar (P Ͼ 0.3) and greater than the age of the young group. Old-High and Old-Low participants were selected using a composite memory score based on the results of four memory measures: Logical Memory I, Verbal Paired Associates I, and Visual Paired Associates II from the Wechsler Memory ScaleRevised (Wechsler, 1987) and the Long-Delay Cued Recall from the California Verbal Learning Test (Delis et al., 1987) . These tasks were selected because they previously have been shown to distinguish older adults with low and high mnemonic functioning (Glisky et al., 1995) . The raw and standardized scores of these screening tests are listed in Table 2 . The average standardized scores, which were used for selecting participants, are listed in Table 2 and Fig. 1 . Average standardized scores were similar for Young and Old-High participants (P Ͼ 0.6), but significantly lower for OldLow than for Young and Old-High participants (both P Ͻ 0.001). Despite significant differences in memory performance, the three groups were equivalent (all P Ͼ 0.3) in four tests assumed to reflect executive function and general intellectual performance (see Table 2 ): Wisconsin Card Sorting Test (WCST), orthographic fluency test (FAS), mental arithmetic test (WAIS-R), and mental control test (WMS-R). All participants were right handed and had no history of neurological or psychiatric illness. None of the participants was taking medication or had a medical condition that could affect cerebral blood flow (e.g., high blood pressure). The study was approved by the joint Baycrest Centre/University of Toronto Research Ethics and Scientific Review Committee.
Behavioral Methods
The study consisted of two sessions, screening and PET. During the screening session, participants filled out demographic and health questionnaires and completed several neuropsychological tests including the ones used for screening (see above). At the end of the screening session, they practiced the tasks to be performed in the scanner. The PET session took place several days after the screening session and included participants selected according to their level of memory performance (see above). In both the recall and the
FIG. 1.
Standardized composite memory scores for young and older adults that completed a battery of memory tests during a screening session. Among older adults, eight who performed as well as young adults (Old-High) and eight who performed significantly below young adults (Old-Low) were selected to be part of the PET study.
context memory conditions, subjects studied a list of items before the scan and their memory for these items was tested during the scan. At study, items were presented at a 3 s/item rate, and subjects were instructed to remember them for a subsequent memory test. In both conditions, the study list was presented once or four times, but for the present analyses we averaged across this manipulation. In the recall condition, subjects studied a visually presented list of 24 unrelated word-pairs (e.g., lawyer-window), and during the scan, they were presented the first word of each studied pair (e.g., lawyer) and tried to recall the second word (e.g., window). In the source recognition test, subjects studied two lists of 12 single words before the scan, 1 presented auditorily and 1 visually, and during the scan, they read each studied word and decided whether the word was either heard or read during the study phase. At test, words were presented for 4 s and followed by fixation for 1 s. The test list started 30 s before and continued 30 s after the 60-s scan window. In all conditions, subjects responded to each item by saying 1 word aloud: the word recalled in the recall task and "seen" or "heard" in CRN. In the recall task, if subjects could not recall a word before fixation appeared, they said "pass" so that 1 word was spoken in every trial.
PET Methods
Two PET scans were conducted for each of the two tasks, and the order of two tasks was counterbalanced across subjects. The PET session included other scans that are not reported here. PET scans were obtained with a GEMS-Scanditronix PC2048-15B head scanner using a bolus injection of 35.5 mCi of 15O-H 2 O. Image processing and statistical analyses were performed using SPM99b (Wellcome Department of Cognitive Neurology, London, UK) implemented in Matlab (Mathworks Inc., Sherborn, MA). First, the different images from each subject were realigned to the first image. Second, the realigned images from each subject were transformed into a standard space (Talairach and Tournoux, 1988) and smoothed using a 10-mm isotropic Gaussian kernel. Third, the effects of the conditions on the regional cerebral blood flow at each voxel were estimated using a general linear model, wherein the changes in global counts are considered as a covariate. The effects of each comparison were estimated using linear contrasts, which yield a t statistic (expressed as a Z-score) for a given comparison at each voxel. Statistical comparisons were performed in two steps. (1) PFC regions showing significant task effects (recall vs source) were identified at a threshold of Z Ն 3.09 (P Ͻ 0.001 uncorrected). (2) For the handful of PFC regions identified in Step 1, task ϫ group interactions were identified with a threshold of Z Ն 2.66 (P Ͻ 0.005 uncorrected). Since in all these regions one group was different than the other two, task ϫ group interactions compared one group to the average of the other two groups. Table 3 reports the results for the grouping that yielded the significant interaction, such as Young vs Old-High/Old-Low (e.g., SPM contrast: 2, Ϫ2, Ϫ1, 1, Ϫ1, 1). In both steps, the risk of false-positive activations was further reduced by setting a minimum activation size of 10 contiguous voxels.
RESULTS
Behavioral Data
Memory performance during scanning was consistent with the screening data. Recall accuracy and source memory accuracy adjusted by chance are shown in Table 2 . A 3 (group) ϫ 2 (task) ANOVA yielded reliable main effects of group (F ϭ 4.8, P Ͻ 0.002) and task (F ϭ 5.2, P Ͻ 0.04) and a nonsignificant group ϫ task interaction (F Ͻ 1). The main effect of task reflected lower accuracy for source memory than for recall. Although the group ϫ task interaction was not reliable, the recall-source difference was numerically greater in the older adults groups than in the young adults group. To investigate significant main effect of group, Fisher PLSD contrasts were performed between each pair of groups. These contrasts showed that performance for Young (P Ͻ 0.03) and Old-High (P Ͻ 0.01) was significantly higher than for Old-Low, whereas the difference between Young and Old-High (P Ͼ 0.4) was not significant. Therefore, consistent with subject selection, Old-High participants performed as well as Young participants whereas Old-Low participants performed reliably below Young participants. Given differences in group size, the results were checked using nonparametric tests. A Kruskal-Wallis test confirmed a significant group effect (P Ͻ 0.02), a KolmogorovSmirnov test confirmed the critical difference between Old-High and Old-Low groups (P Ͻ 0.03), and a Wilcoxon test confirmed that accuracy was lower for source than for recall memory (P Ͻ 0.05).
PET Data
PFC regions showing significant effects of task and task ϫ group interactions are listed in Table 3 . All the regions that showed a significant task effects in one or more of the groups (Young, Old-Low, and Old-High columns) also showed a significant task ϫ group interaction (rightmost column). In the recall-minus-source contrast, Young adults showed significant activations in left dorsolateral (Brodmann area (BA) 9) and ventrolateral (BA 47/44) regions. Old-Low and Old-High adults showed only the left ventrolateral activation, which was weaker in Old-High participants than in the other two groups. Confirming these impressions, group ϫ task interactions indicated that the left dorsolateral activation was greater in Young than in OldLow and Old-High participants and that the left ventrolateral activation was greater in Young and OldLow participants than in Old-High participants.
In the source-minus-recall contrast, Young adults showed significant PFC activations in right dorsolateral (9/45) and right anterior (BA 10) regions. Old-Low participants showed activations in the same two right PFC regions, although the dorsolateral activation was weaker than in Young adults and the anterior activation was stronger than in Young adults. Old-High participants also showed stronger activity than Young adults in right anterior PFC, but this group did not show the right dorsolateral activation. More importantly, Old-High participants showed a left anterior PFC activation not shown by either Young or Old-Low participants. Group ϫ task interactions confirmed that the right dorsolateral PFC activation was greater in Young than in Old-Low and Old-High participants, whereas the right anterior PFC activation was greater in Old-High and Old-Low participants than in Young participants. Group ϫ task interactions also confirmed the critical finding that the left anterior activation was significantly greater in Old-High than in Young and Old-Low participants.
Thus, consistent with the compensation hypothesis, only Old-High participants showed a reduction in hemispheric asymmetry, and this reduction was found during the most demanding memory task, that is, the Note. Y, young; OL, old-low; OH, old-high.
source memory task. As depicted in Fig. 2 , PFC activity during source memory was right lateralized in Young and Old-Low participants but bilateral in Old-High participants. Old-Low participants showed stronger activity than Young participants in right anterior PFC, but the location and lateralization of PFC activity during source memory were the same as in Young adults. In contrast, Old-High participants did not show the right dorsolateral PFC activation shown by Young and Old-Low participants and showed instead a left anterior PFC activation that was not displayed by the other two groups.
DISCUSSION
The present results provide strong support for the compensation hypothesis of age-related hemispheric asymmetry reductions. As shown in Fig. 2 , PFC activity during source memory was right lateralized in Young and Old-Low participants but bilateral in OldHigh participants. Thus, consistent with the compensation hypothesis, an age-related asymmetry reduction was found for the best performing group during the most demanding task. This finding suggests that OldHigh participants responded to the retrieval demands of the source memory task by recruiting bilateral PFC regions. In contrast, the results are not consistent with the dedifferentiation hypothesis of age-related asymmetry reductions. If reduced lateralization is just another example of the deleterious effects of aging on the brain (e.g., atrophy), then it should have occurred in the group of elderly adults displaying more pronounced age-related cognitive deficits (Old-Low participants), but it did not. On the contrary, reduced lateralization was found in the group of elderly that performed as well as young adults, suggesting that it is a beneficial rather than a detrimental change.
The present results suggest that in terms of functional compensation additional activity within the same hemisphere is less effective than the recruitment of homologous regions in the contralateral hemisphere. During source memory, both groups of older adults showed greater activity in the same right anterior PFC region recruited by young adults. If one assumes that this age-related increase in within-hemisphere activation reflected an attempt of functional compensation, one would have to conclude that the attempt was unsuccessful because Old-Low participants performed significantly more poorly than Young adults in the source memory task. In contrast, the recruitment of a homologous region in the contralateral hemisphere was only shown by Old-High participants, who performed as well as Young adults in the source memory task. Thus, the present results suggest that whether age-related increases in activity are successful in terms of compensation depends on whether they involve the same regions engaged by young adults or additional regions in the contralateral hemisphere. One possible explanation is that additional within-hemisphere activity does not involve a network modification, whereas additional contralateral activity involves the recruitment of an alternative network. In those terms, the present results suggest that Old-Low engaged a similar memory network as Young participants but used it less efficiently, whereas Old-High participants compensated age-related memory decline by reorganizing memory networks.
The cognitive functions of the particular PFC regions showing age-related changes in activation can be inferred from previous functional neuroimaging research. It is generally held that episodic retrieval involves two processes: generate processes in which candidate information is retrieved and recognize processes that select from among the retrieved information. We have recently proposed that the left PFC is more involved in production processes, whereas the right PFC is more involved in monitoring processes . Accordingly, the present results suggest that during source memory, Old-Low participants tried to compensate memory deficits by recruiting additional monitoring processes mediated by right PFC, while Old-High participants also tapped additional production processes mediated by left PFC. These ideas are consistent with the present behavioral results because additional monitoring processes are less likely to counteract insufficient information recovery than are additional production processes. As for the age-related decreases in dorsolateral PFC activity (left BA 9 during recall and right BA 9/45 during recall) shown by both groups of older participants, they are consistent with evidence that dorsolateral PFC activity is particularly sensitive to aging (Rypma and D'Esposito, 2000; Rypma et al., 2001) . Age-related reductions in dorsolateral PFC may reflect working memory deficits associated with cognitive aging (Rypma and D'Esposito, 2000; Zacks et al., 2000; Rypma et al., 2001) .
Although the present study focused on PFC activity, there is some evidence that age-related asymmetry reductions can occur beyond PFC. For example, in a PET study on face encoding (Grady et al., 2002) , agerelated asymmetry reductions were found not only in PFC but also in temporal and parietal regions. Also, in a PET study on face perception (Grady et al., 2000) , positive correlations between temporoparietal activity and memory performance were found in the left hemisphere for young adults but bilaterally for old adults. Moreover, in an fMRI study on inhibitory control (Nielson et al., 2002) , young adults showed a more bilateral activation pattern in PFC as well as parietal regions. Thus, several functional neuroimaging studies suggest that age-related asymmetry reductions may also apply to temporal and parietal regions.
If reduced hemispheric asymmetry in old adults can have a compensatory function, how could we take advantage of this mechanism in order to attenuate agerelated cognitive decline? The answer to this question depends on whether age-related asymmetry reductions have a cognitive or a neural origin (for a discussion, see Cabeza, 2002) . If age-related asymmetry reductions reflect a change in cognitive strategies, then strategies that lead to bilateral PFC recruitment could be identified and taught to low-performing older adults. However, it is unlikely that age-related asymmetry reductions are primarily cognitive in origin, because they have been observed for simple perceptual (Grady et al., 1994 (Grady et al., , 2000 and motor (Calautti et al., 2001) tasks in which cognitive strategies play little or no role. Moreover, there is evidence that manipulations of cognitive strategies may affect the overall level of PFC activity in older adults without affecting age-related asymmetry reductions (Logan et al., 2002) . If age-related asymmetry reductions have a neural origin, then a good understanding of the neural mechanisms underlying these reductions may eventually lead to the development of drugs and other therapies. Regardless of whether the interventions are made at the cognitive or neural level, functional neuroimaging techniques could provide noninvasive measures to guide the intervention process.
In summary, during a source memory task, young adults and low-performing older adults recruited similar right PFC regions, whereas high-performing older adults engaged PFC regions bilaterally. These results suggest that low-performing older adults recruit a similar network of brain regions as young adults but use them inefficiently, whereas high-performing older adults counteract age-related neural decline by reorganizing brain functions.
